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pumping reaction to HF(3), the HF-H2 and HF-HF W reactions and the deactiva- 
tion of HF by the DF which is formed in the combustor. 

A stable resonator model was coupled to the MN0R03 kinetics model to 
provide a theoretical model (iMN0R03SR) for a laser employing a stable resonator. 
Six of the eight criteria for convergence were satisfied for the Helios CL II 
test case while two of the eight criteria indicated the solution had not 
converged.  The spectra predicted with the stable resonator model were in 
better agreement with the data (which was taken wiit'.i a stable resonator) than 
were the spectra predicted with the Fabry-Perot model.  A study of the effect 
of the mixing rate showed that the power spectral distribution is significantly 
affected by the mixing rate.  This implies that for situations in which the 
fluid dynamics of the mixing process are so complicated that they are repre- 
sented by a very approximate model, the determination of the mixing parameters 
cannot be considered fixed until a rotational nonequilibrium calculation for 
the resonator for which the data were taken has shown agreement with the 
measured spectra. 

A physical optics model was coupled to the MN0R03 kinetics model to provide 
a theoretical model (MN0R03UR) for a laser employing a confocal, unstable 
resonator.  All seven of the convergence criteria were satisfied for the Helios 
CL II test case.  The physical optics-kinetics calculations showed that the 
time-dependent oscillations which may occur on lines whose saturated gain does 
not fill the resonator are Fresnel number dependent.  For a Fresnel number of 
1.5, the time-dependent oscillations did not occur, while, for Fresnel numbers 
of 18.57 and 9.457, the time-dependent oscillations did occur.  For all cases 
in which the time-dependent oscillations occurred, the period was mostly 40 ns 
with some lines varying between 33 and 40 or 40 and 47 ns. 

The comparison between the laser performance predicted using the new and 
the old HF rate packages showed that the new rate package gives 43% more total 
power compared to the old rate package, with over half of this difference in 
the 2-^l vibrational band, and gives a mode length 99% greater than the old 
rate package.  These differences are the result of the omission of the multi- 
quantum deactivation reactions by HF and F and the collisional decomposition 
of HF(3) by H from the new rate package.  The removal of power from the upper 
vibrational bands is acccmplished by the single quantum and the DF deactiva- 
tion reactions in the new rate package whereas in the old rate package, the 
removal of power from the upper vibrational bands is accomplished by the 
collisional decomposition of HF(v), v > 3 by H atoms.  The MN0R03 rotational 
nonequilibrium calculations showed that the new rate package gives 35% more 
total power and 30% longer mode width than the old rate package.  However, the 
spectra given by both rate packages agree well with each other and with the 
data for the CL XI. 

The multi-line performance (power and power spectral distribution) of the 
Helios CL II cw HF chemical laser was measured as a function of the SF and H 
flow rates, cavity losses, pressure and resonator type.  The very good 
agreement of the Fabry-Perot, stable resonator and unstable resonator laser 
models with the data as the flow rates, cavity losses and pressure change 
verified the models.  The major result of this research program was the 
measurement of the amplitude, frequency and Fresnel number dependence of the 
time-dependent oscillations which occur on lines whose saturated gain does not 
fill the unstable resonator.  The data showed that the oscillations do not 
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occur for Fresnel numbers below 1.5 and that their amplitudes increase as the 
fraction of the resonator filled by the oscillating lines decreased.  The 
measured periods were mostly 40 ns with some lines varying between 33 and 50 ns. 
The amplitude modulation varied from 12% to 80%.  In addition, in some cases 
there was a 7 ns oscillation superimposed on the 40 ns oscillation, which, based 
on the mirror spacing, is probably a mode beating.  The a priori prediction of 
these characteristics of the time-dependent oscillations by the MN0R03UR 
computer model was in good agreement with the data. 

Several other new results were also obtained.  The first data from a cw 
laser for a near resonant energy transfer from v=3, J=3,4 to v=2, J=14 with 
a subsequent rotational cascade to v=2, J=ll were obtained.  In addition, the 
stable resonator data indicated that the polarization introduced by the Brewster 
windows affects the power spectral distribution.  Preliminary data with a new 
He injector indicated that under certain conditions, it was possible to obtain 
a 60% increase in laser performance. 
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I.  INTRODUCTION 

This research is an integrated theoretical and experimental investigation 

of the nonlinear interactions which may occur between the chemical kinetics, 

the fluid dynamics and the unstable resonator of a pa  fluid flow laser.  The 

objectives of this grant were to measure the frequency and amplitude of the 

time dependent pulsations in the power spectral output which have been 

predicted to occur in cw chemical lasers employing unstable resonators to 
i- - ,.-. •  r >     ' ••     - 

extract power .  These time dependent fluctuations in -ew" power, which were 

shown to be a consequence of rotational nonequi1ibrium, were shown to occur on 

lines whose saturated gain zone does not fill the unstable resonator; the 

amplitude of the fluctuation is determined by the fraction of the resonator 

filled by the saturated gain zone of the oscillating line, and the frequency 

of the fluctuation is determined by the geometric outcoupling ratio and the 

fraction of the resonator that is filled by the saturated gain of the 

1 2 oscillating line • .  Based on these results, the success of the experimental 

program depended upon the ability to design an unstable resonator in which the 

saturated gain zone of one or more of the peak power lines does not reach 

further into the unstable resonator than the center line.  The importance of 

this point is illustrated by a previous experiment which obtained a null 

result (no oscillations were observed) because the saturated gain zone of the 

lasing lines filled the resonator.  The design of the unstable resonator, 

thus, depends upon the ability to predict the length of the saturated gain 

zones for the lasing lines for the laser to be used in the experimental 

program.  To accomplish these objectives, a thorough characterization of the 

performance of our Helios CL II laser was carried out to verify the computer 

models used to calculate the saturated gains. 

The results for the entire grant are summarized in the following 

=3 
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sections.  The development of the MN0R03, MN0R03SR and MN0R03UR cw HF chemical 

laser models are summarized in Section II.  The results of the experimental 

characterization of the performance of the Helios CL II cw HF chemical laser 

as a function of cavity losses, pressure and resonator type are summarized in 

Section III.  The very good agreement of the Fabry-Perot, stable resonator and 

unstable resonator laser models with the data as the cavity losses and 

pressure change verifies the models.  The major result of this research 

program was the measurement of the amplitude, frequency and Fresnel number 

dependence of the time-dependent oscillations which occur on lines whose 

saturated gain does not fill the unstable resonator; the very good agreement 

with the data of the a priori prediction of these characteristics of the time- 

dependent oscillations by the MN0R03UR computer model is a stringent test of 

the model's validity.  Based on these results, the cw HF chemical laser models 

can be used with confidence in designing these devices. 

Besides accomplishing the major objective of the research, several other 

new results were obtained.  The first data from a cw laser for a near resonant 

energy transfer fron v=3, J=3, 4 to v=2, J=14 with a subsequent rotational 

cascade to v=2, J=ll were obtained.  In addition, the stable resonator data 

indicated that the polarization introduced by the Brewster windows affects the 

power spectral distribution.  The comparisons between the model calculations 

and the data showed that rotational nonequilibrium effects, in particular the 

power spectral distribution, are affected by the fluid dynamic mixing. 

Finally, preliminary data with a new He injector indicated that under certain 

conditions, it was possible to obtain a 60% increase in laser performance. 

In Section IV, several suggestions for future work are described. 

I 
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II.  SUMMARY OF THEORETICAL RESULTS 

The MNORO  rotational nonequilibrium model has been generalized to 

include rotational nonequilibrium in the HF(0) as well as in the HF(1) and 

HF(2) levels.  With this change, the model predicts the power spectral 

distribution in the 1+0 vibrational band as well as in the 2+1 band.  As 

described in the yearly progress report , this three-level model worked well 

except for its prediction of the power split between the 1+0 and the 2+1 

vibrational bands.  This problem was traced to three approximations in the 

kinetics model which were corrected.  These were:  (1) the reverse rate for 

the cold pumping reaction to HF(3) is larger than the forward rate and hence 

the reverse reaction had to be included in the model; (2) the HF-H2 VV 

reaction was treated as a one-way deactivation of the HF; since the reverse 

rate for this reaction is within a factor of two of the forward rate, it was 

necessary to include the forward and reverse HF-H2 VV reactions in the model; 

(3) the HF-HF VV reactions, which were not necessary in the two-level model, 

have a significant influence on the power split between vibrational bands and 

had to be included in the three-level model.  With these changes, the three- 

level MN0R03 model gives the correct power split between vibrational bands. 

Finally, to obtain agreement with the CL XI total power, it was necessary to 

include the deactivation of HF by the DF which is formed in the combustor.  A 

comparison of the run times in Table la with those in Table VI of Ref. 5 shows 

that these additions to the kinetics model caused at most a 25% increase in 

run time.  In the CL XI case, if a 10% error in total power is acceptable, the 

run time can be reduced by 100 sec by neglecting the DF deactivation of HF. 

The MN0R03 power spectral distribution is compared with the CL XI data in Fig. 

1.  The excellent agreement with data shown in this figure is also obtained 

for the Aerospace laser and our CL II laser.  The MN0R03 model and its 
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0.49 
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Table lb. Comparison of the rotational nonequilibrium model MN0R03 with the 
rotational equilibrium model Blaze II and with the experimental 
data. 
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comparison with the three test cases are described in Ref. 6. 

The MNOR03 model has been coupled to a stable resonator mod   .  This 

code, which is denoted MN0R03SR, has been run for the CL IT laser conditions 

of Run 36 with an x of 1.75 mm, which corresponds to the experimentally 

measured xc for max power (the H£ injectors are at x = 0).  The resulting 

power spectral distribution is compared to the data in Fig. 2.  From this 

comparison it is seen that the extra lines that läse in the Fabry-Perot model 

do not läse in the stable resonator model and the power spectral distribution 

is in much better agreement with the data.  In fact, for a line to läse in the 

stable resonator, its gain must be positive on the optical axis and greater 

than or equal to a  _ at some point in the resonator, 
sat 

However, the theoretical spectra still has too much power in ?2(t>)  and 

P2(7) and not enough in P2(8) and P2(9).  An examination of the gain 

distributions indicates that this is caused by the gains on the higher J 

lines, 8 and 9, not being large enough.  Since the relative magnitudes of the 

gains on various lines is strongly influenced by the mixing, this suggests 

that the linear scheduled mixing, which was shown to adequately describe the 

power, power split between vibrational bands and beam diameter as the flow 

rates and mirror reflectivities were varied '  may not be adequate to give the 

power spectral distribution.  To investigate this question, a study of the 

effect of nonlinear mixing rates on the power spectral distribution was 

undertaken.  One of the interesting results to come out of this study la the 

observation that the mixing can make a rotational nonequilibrium spectra look 

like a rotational equilibrium spectra, that is, only one line lasing at a time 

in each vibrational band.  However, we have never encountered a case where the 

mixing could make a rotational equilibrium spectra look like a rotational 

nonequilibrium spectra. 

•' «^ "•'—" •"       »IBM» In        -- -T- . 



'    ••• '    '    -'• • 

it 

Q7 

06 C 

05- 

04- 

3 
—• 

a. 

03 

02 

CQ 

0 

0£ 

0.5- 

04 

0? 

a? 

02 

Ol 

Data 
3 MN0R03 

MN0R03SR 

JL-i 

HELIOS CLU Laser 
Stable Resonator 
Run 36 VMM 
r=43% 

JL DJn 1 
10 12 14 

Figure 2. Comparison of MN0R03 + stable resonator (MN0R03SR) 
power spectral distribution for x = 1.75 mm with 

MN0R03 and data for the Helios CL II laser. 

:.r_^;_r——;——• 



*— 

In 

The effect of nonlinear scheduled mixing on the power spectral 

distribution resulted in good agreement between the stable resonator model and 

the data, Fig. 3.  The nonlinear scheduled mixing shows that the power 

spectral distribution is significantly affected by the mixing rate.  This 

implies that for situations in which the fluid dynamics of the mixing process 

are so complicated that they are represented by a very approximate model, the 

determination of the mixing parameters cannot be considered fixed until a 

rotational nonequilibrium calculation for the resonator for which the data 

were taken has shown agreement with the measured spectra. 

Although the power spectral distribution for the second nonlinear 

scheduled mixing case was in good agreement with the data, the power split 

between vibrational bands was in poor agreement with the data.  The power 

spectral distribution for the first nonlinear scheduled mixing case was not in 

as good agreement with the data as the second case, but had a better power 

split.  These results suggest that the X  SF^ dissociation may be greater and 

that the temperature at the H2 injectors may be less than the values 

determined from the Fabry-Perot linear mixing calculations". 

The stable resonator code is implemented in the same way a physical 

optics-kinetics model  is, that is, the code iterates back and forth between 

the kinetics and the optics.  When the code has converged, the tot.il power and 

the power on each line calculated in the kinetics and the optics parts ot the 

code should be identical and the intensity and the gain distributions on e.»ch 

line should be the same from one iterate to the next.  When the present code 

has converged, all of these criteria are satisfied except for the re^ulremont 

that the power on each line calculated In the optics and the kimtica must he 

equal.  To date, the reason for this anomaly is not understood.  The greatest 

difference in the power calculated on individual lines li   the kinetics and the 

_L_ 
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optics occurs on lines whose saturated gain does not fill the resonator.  The 

larger the fraction of the resonator filled by the saturated gain, the smaller 

the discrepancy between the power calculated in the optics and the kinetics. 

The discrepancy varies from 6% for lines whose saturated gain fills 75% of the 

resonator to 1% for lines whose saturated gain fills 100% of the resonator. 

The AFWL wave optics strip resonator model was coupled to the MN0R03 

kinetics model to provide a theoretical model, denoted MN0R03UR, for a laser 

employing an unstable resonator .  The seven criteria for convergence are: the 

change in the total intensity distribution from iterate to iterate, which is 

calculated in the optics, must be less than some prescribed amount; the 

changes in the intensity and gain distributions on each line from iterate to 

iterate must be less than some prescribed amount; the power calculated at the 

beginning and the end of each iteration must be equal; the power spectral 

distributions calculated in the kinetics and the optics raust be equal; 

Ploss total must eclual Pchem: and Ploss total and Pchem for each line must be 

equal.  All of these criteria were satisfied for the Helios CL IE test case 

(Fresnel number of 1.5). 

The study of the Helios CL II laser for Run 36 with a confocal unstable 

resonator showed that the time-dependent oscillations which may occur on lines 

whose saturated gain does not fill the resonator are Fresnel number dependent. 

The time dependent oscillations did not occur for a Fresnel number of 1.5 but 

did occur for a Fresnel number of 18.57 and for an intermediate Fresnel number 

of 9.457.  For both the large and intermediate Fresnel numbers, the flow 

conditions had to be altered to stretch the gain zones of the lasing lines. 

It was shown for the intermediate Fresnel number of 9.457 that, when the 

standard flow conditions were used, the gain zones were not long enough for 

any lines to läse.  When the flow conditions were altered, the Fresnel number 
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of 18.57 gave a 10% amplitude variation of the total power and the Fresnel 

number of 9.457 gave a 15 to 20% amplitude variation of the total power.  The 

intermediate Fresnel number had a larger amplitude variation because the 

saturated gain filled a smaller fraction of the resonator. 

For all cases in which lines oscillated, the period was mostly 6 

iterations with some lines varying between 5 and 6 or 6 and 7 iterations . 

Since the mirror spacing was one meter and each iteration corresponds to one 

round trip through the resonator, the period was mostly 40 ns with some lines 

varying between 33 and 40 or 40 and 47 ns. 

q 
In July, 1982, Cohen and Bott  published the latest recommended HF rate 

package.  Since there are several fundamental differences between the old and 

the new HF rate packages, a comparative study of laser performance using the 

old and the new rate packages was undertaken. The case chosen for this study 

was the CL XI lasing lines experiment which was used as a test case in 

developing the MN0X0 and MN0R03 codes. The study was carried out using the 

Bell Aerospace Textron Blaze II laser simulation code  .  The approach used 

was to find a set of reactions whose rates were common to both rate packages 

for the initial calculation. The various types of reactions were then added 

to both rate packages, one set at a time.  The reactions that were not in the 

old rate package but were in the new rate package, or vice versa, were added 

in separately to determine their effect on laser performance. 

The comparative study of the performance predicted using the new HF rate 

package and the old HF rate package showed that the new rate package gives 43% 

more total power compared to the old rate package, Table II, with over half of 

this difference in the 2+1 vibrational band . The new rate package gives more 

total power than the old rate package because there are no multiquantum 

deactivation reactions by HF and F In the new rate package.  The new rate 
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package does include the multiquantum deactivation reactions by H but these 

rate constants are not large enough to  decrease the total power.  The excess 

power seen on the 3+2 band for the new rate package results from the absence 

of the collisional decomposition of HF(3) by H.  The single quantum rate was 

increased for v=3 but not enough to take the place of the collisional 

decomposition reaction.  The removal of power from the upper vibrational bands 

is accomplished by the single quantum and the DF deactivation reactions in the 

new rate package, whereas in the old rate package, the removal of power from 

the upper vibrational bands is accomplished by the collisional decomposition 

of HF(v), v >   3 by H atoms11'6. 

The results from the MN0R03 rotational nonequilibrium runs show that the 

new rate package gives 35% more total power and 30% longer mode width than the 

old rate package .  These differences could be a result of not having the 

HF-DF vv reactions in the MN0R03 model for the new rate package.  However, the 

spectra given by both rate packages agree well with each other and with the 

data for the CL XI7. 

With these results for the new rate package, additional runs were made 

adding in separately the multiquantum deactivation by HF and F and the 

collisional decomposition reaction for HF(3) from the old rate package.  In 

addition, in the new rate package, the maximum vibrational band for the 

deactivation reactions was increased to eight to agree with the maximum 

1 2 vibrational level populated by the hot pumping reaction  .  With these 

additional reactions in the new rate package, fairly good agreement was 

achieved with the old rate package, Table III.  The total power is now 8.8% 

lower for the new rate package.  There is an even distribution of this 

difference on both the 1+0 and the 2+1 bands which was not seen before. 

Although there is a small difference in power on the individual vibrational 
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bands, the fraction of the power in the individual bands agree very well.  The 

fast deactivation reaction for v=3 and the collisional decomposition reaction 

for HF(3) together are probably too much for the new rate package.  The rate 

constant for one of these reactions should be decreased to get better 

agreement for the 3-»-2 vibrational band. 

Since the old rate package was used in baselining the computer simulation 

of the CL XI nozzle with the trip jets on, the comparison of laser performance 

using the old and the  new rate packages may be clouded by the approximate 

treatment in the computer model of the mixing enhancement of the trip jets. 

Their effect was taken into account by a multiplicative factor used to modify 

the diffusion coefficient.  This factor was determined by requiring agreement 

of the model's prediction of total power and mode length with the experimental 

measurements of these quantities.  For this reason, the computer simulation of 

the effect of the trip jets on the mixing should be baselined to the CL XI 

lasing lines data using the new rate package.  Once this has been 

accomplished, it would be possible to draw conclusions concerning the relative 

merits of the two rate packages for describing laser performance. 

This uncertainty in the treatment of the fluid dynamic mixing points out 

the need for a set of experimental data similar to the CL XI lasing lines 

experiment for a mixing geometry for which it is possible to a priori 

calculate the fluid dynamic mixing.  This would remove one uncertainty in the 

model and provide a set of data which could be used to compare the effect of 

changes in the kinetic rate packages on laser performance. 
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III.  SUMMARY OF EXPERIMENTAL RESULTS 

3.1  MULTI-LINE PERFORMANCE OF THE HELIOS CL II LASER 

Since a complete description of the multi-line data and the use of the 

data in baselining the computer models is given in Ref. 2 and 14, only a brief 

summary of these results will be presented here.  The Helios CL II stable 

resonator multi-line performance with vacuum mirror mounts was measured as a 

function of the SF^ and H2 flow rates.  Through comparison of the measured and 

the predicted power, power split between 2+1 and 1+0, beam diameter, pressure 

distribution and power spectral distributions, a set of values for the percent 

SFt dissociation in the arc, the initial temperature of the flow at the 

hydrogen injectors and the mixing lengths for the primary and secondary 

streams which gives good agreement with the data was determined.  The physical 

description of the mixing which has emerged from this exercise and is 

supported by visual observation of the flame indicates that the hydrogen jets 

remain intact with minimal breakup and mixing with the primary stream.  The 

reaction appears to occur on the surface of the hydrogen jets.  Because of the 

similarity between these hydrogen jets and the trip jets used in certain 

chemical laser nozzles to promote mixing, the present results suggest that the 

enhanced mixing which results from the trip jets does not result from a break 

up of those jets but from some other fluid dynamical effect which they induce 

in the flow13. 

During this modeling exercise, it was found that the rotational non- 

equilibrium effects, in particular the power spectral distribution, was 

significantly affected by the mixing rate.  This implies that for situations 

in which the fluid dynamics of the mixing process are so complicated that they 

are represented by a very approximate model, the determination of the mixing 

parameters using a rotational equilibrium kinetics model could lead to serious 

£ 
MHHH 
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errors.  The mixing parameters cannot be considered fixed until they have been 

used in a rotational nonequilibrium model and the correct power spectral 

distribution obtained. 

The model was tested by comparing its predictions with the experimental 

data for different S?^ and H2 flow rates.  As would be expected, the percent 

dissociation of the SF^ and the mixing length changed as the SF^ flow rate 

changed.  For fixed SF^ flow rate, the model gave good agreement with the 

experimental data as the H2 flow rate changed without requiring any other 

changes in the input parameters, Table IV. 

While the model gives reasonable agreement with the measured power 

spectral distribution and reproduces the observed shift toward higher J's as 

the SF(, flow rate increases, the model generally predicts more lines than are 

observed.  This is a consequence of the Fabry-Perot resonator employed in the 

calculations.  When the calculations were repeated with a stable resonator 

model which includes the upstream-downstream coupling, the calculated power 

spectral distributions come into much better agreement with the data, see 

Section II. 

3.2  EFFECT OF MIRROR REFLECTIVITY ON LASER PERFORMANCE 

Several months after the data described in Section 3*1 were obtained, it 

was determined that the reflectivity of the mirror usrd In those experiments 

had decreased from <*3% to 39%.  To further check the model of the CL II laser, 

Its predictions were compared to the data obtained with the 39% mirror and 

with a new outcoupler of 56% reflectivity.  These data were taken using the 

vacuum mirror mounts.  The only input parameter changed for these calculations 

was the mirror reflectivity.  From Fig. 4 it is seen that for all six flow 

rate combinations, the model and the data are in good agreement as the mirror 

reflectivity varies.  Fig. 4 shows that the general shift in the power 

— 
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Table IV 

Comparison of the Blaze II and MNORO results with the data for the Helios 
CL II laser with a stable resonator, vacuum mirror mounts and 43% reflective 
ZnSe outcoupler. 
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RUN NO. 

m„    gin/sec 
SF6' 

32 

1.36 

33 

1.01 

34 

0.67 

35 

1.36 

36 

1.01 

37 

0.67 

m  , gin/sec 0.0375  0.0375  0.0375  0.0545  0.0545  0.0545 

P, Torr 
% SF, Dissoc. 

Initial T, °K 

H2 mixing length, cm 

P , watts 

Data 
Blaze II 

P /P Iff  T 
Data 
Blaze II 

P„, watts 

Data 
Blaze II 
MNORO 

Beam Dia., mm 
Data 
Blaze II 

MNORO 

1-0 
2-1 
2-1 

12.0 11.0 10.0 12.0 11.0 10.0 
3.3 4.0 4.0 3.3 4.0 4.0 

500 450 450 500 450 450 

3.0 3.5 4.0 5.0 3.5 4.0 

35.0 32.5 26.0 59.0 36.0 26.0 
36.1 32.0 25.4 44.2 39.5 29.4 

0.475 0.477 0.495 0.491 0.471 0.495 
0.537 0.522 0.512 0.523 0.514 0.507 

18.4 17.0 13.1 19.1 19.0 13.1 
16.7 15.2 12.4 21.1 19.2 14.5 
14.8 13.3 10.8 18.9 17.0 12.5 

2.92 3.03 2.89 2.84 2.86 

3.44 3.09 2.88 2.79 2. 65 2.51 
2.87 2.75 2.67 2.44 2.40 2.19 
2.74 2.70 2.58 2.35 2.32 2.12 
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spectral distribution toward higher J as the mirror reflectivity increased is 

reproduced by the model although the model does not quite shift the peak one J 

higher as occurs in the data. 

An untxpected result was the appearance of the lines P'(10), P2OI) and 

P2(12) with a minimum at P2OI).  These lines were observed for the high and 

middle SF^ flow rates for both H2 flows for the 56% mirror.  The corresponding 

P^(J) lines observed were J = 7 through 10 with the peak at J = 9.  The 

occurrence of these lines is probably related to the lower losses associated 

with the 56% reflective outcoupler and the upstream-downstream coupling of the 

stable resonator.  The minimum in the power spectral distribution at P2(11) 

may be indicative of a kinetic effect. 

3.3  EFFECT OF BREWSTER WINDOWS ON LASER PERFORMANCE 

To model the laser's performance when the 4 cm CaF2 Brewster windows are 

used, the losses introduced by the Brewster windows must be determined.  Since 

the validity of the CL II computer model as a function of reflectivity was 

established using vacuum mirror mounts, the losses introduced by the Brewster 

windows were determined by comparing the measured total power for the six flow 

rates of SFf, and H2 when the 56% mirror was used with the Brewster windows to 

the P-j. versus reflectivity curve predicted by the model.  From this 

comparison, the loss introduced by the Brewster windows was determined to be 

17%, Fig. 5, that is, the effective reflectivity with the 56% mirror and the 

Brewster windows was 39%.  To check the determination of the loss introduced 

by the Brewster windows, the total power was measured for the six SF^ and H2 

flow rates using the 39% reflective mirror and the Brewster windows.  Since 

the Brewster window-: introduce 17% loss, the effective reflectivity lr this 

case should be 22%.  These measurements are compared to the model calculations 

in Fig. 5.  From the agreement between the measured and calculated PT for the 
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75.0 

- Run 32 

Helios CLU Laser 
Stable Resonator 

Q Data VMM 
—Blaze H 
° Data EMMBW 

15.0 
10.0 20.0     30.0     40.0     50.0 

% Reflectivity 
60.0    70.0 

i l 

Figure 5. Comparison of experimental and predicted laser performance 
versus mirror reflectivity for the Helios CL II laser when 
Brewster windows are used with the 56% and the 59° reflective 
outcouplers. VMM denotes vacuum mirror mount data; EMMBW 
denotes external mirror mounts with two Brewster windows data. 
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39% mirror with the Brewster windows, it can be concluded that the effective 

loss introduced by the Brewster windows is 17% as deduced from the data for 

the 56% mirror with the Brewster windows. 

The power spectral distributions were measured for all cases except the 

39% mirror in vacuum mirror mounts.  This data is presented for Run 36 in 

Table V.  Several unexpected effects are apparent.  First, as pointed out in 

Section 3.2, three lines ?2^ 10)-P2(12) with a minimum at P^Ol) appear when 

the 56% mirror is used in vacuum mirror mounts, Case 1.  As suggested in 

Section 3.2, these lines are probably a result of the lower losses associated 

with the 56% mirror.  However, when one or two of the Brewster windows are 

used with the 56% mirror, Cases 3 and 4, it is seen that these same lines 

occur even though the total losses for these cases are within a couple of 

percent of the 43% mirror in vacuum mirror mounts, Case 2.  When the losses 

are large enough, Case 6, these lines do not appear.  These comparisons 

suggest that the polarization of the laser introduced by the brewster windows 

plays a role in the occurrence of these lines in Cases 3 and 4.  In addition 

to the appearance of these lines in Cases 3 and 4, the polarization appears to 

suppress lines Pj(6) and P2(6) in these cases.  The results given in Table V 

are similar to those obtained for the other three flow rate combinations, Runs 

32, 33 and 35.  A weaker polarization effect is seen in the low SFt flow rate 

cases, Runs 34 and 37.  In these cases, the polarization appears to promote 

the occurrence of lines Pj(9) and P2(9). 

Since the lines P2(10)-P2(12) are not predicted by the Fabry-Perot model, 

these cases were studied with the stable resonator model to determine to what 

extent the occurrence of these lines and the minimum at P2OI) is a 

consequence of the upstream-downstream coupling of the stable resonator.  The 

results of this study indicated that the minimum in the spectra at P2(11) is 
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not a consequence of the type of resonator used.  Thus, this minimum in the 

spectra at Po(ll) may be evidence for a kinetic effect, namely a near resonant 

transfer from v=3, J=3, 4 to v=2, J=14 with a subsequent rotational cascade t«' 

v»2, J=ll, which is the upper level for the P2(12) line.  Since P2(12) lases, 

the rotational cascade to v=2, J=10, which is the upper level for the ?2(11) 

line, is blocked resulting in P2(11) being weaker than Pn(12). 

3.4 EFFECT OF OPTICAL AXIS LOCATION ON STABLE RESONATOR PERFORMANCE 

In order to vary the optical axis location for the unstable resonator 

experiments, the entire invar rod structure which holds the external mirror 

mounts was mounted on two translation stages.  Prior to installing the 

unstable resonator mirrors, the laser performance as a function of the 

location of the optical axis of the stable resonator using the 56% reflective 

outcoupler and the two 4 cm  CaF2 Brewster windows was measured for the six SFfe 

and H2 flow rate combinations.  The results are shown in Fig. 6.  x = 0 at 

the location of the H2 injectors.  From Fig. 6 it is seen that the x for 

maximum power for the low H2 flow rate occurs 0.25 mm further downstream than 

for the high H2 flow rate.  This is consistent with the fact that the measured 

beam diameter is larger for the low H2 flow rate, Table IV. 

3.5 EFFECT OF CAVITY PRESSURE ON STABLE RESONATOR PERFORMANCE 

Since the unstable resonator modeling calculations (Section II) indicated 

that the occurrence of the time-dependent oscillations on lines whose 

saturated gain does not fill the resonator is Fresnel number dependent and 

that for the conditions of the high pressure (11 torr) Run 36 that lasing may 

not occur for a resonator whose Fresnel number is large enough that the time- 

dependent oscillations should occur, the laser was run at the lowest pressure 

obtainable in the cavity (about 5 torr) in order to stretch the gain zones. 

To provide a data base for baselining the computer models, stable resonator 

I" 
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Figure 6. Measured stable resonator power versus x for the Helios CL II 

laser with the 56% reflective outcoupler and two Brewster windows 

The H- injectors for the six SF6 and H. flow rate combinations 

are at x = 0.0 mm. c 
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power versus x was obtained for the six SFt and H2 flow rate combinations 

with the vacuum control valve wide open.  For the x of peak power, beam 

diameters, pressure and spectra were measured.  These data were taken with the 

56% mirror and two 4 cm CaF2 Brewster windows, which corresponds to an 

effective reflectivity of 39%  .  The Blaze II computer model is compared to 

the data as a function of cavity pressure in Fig. 7     .  The only parameter 

changed in the model for these calculations was the initial pressure at the 

inlet to the laser cavity.  From Fig. 7, it is seen that the model gives very 

good agreement with the data over the entire pressure range accessible with 

our vacuum system.  Thus, the model agrees with the data as flow rates, cavity 

losses and pressure are varied.  This provides confidence in the model's 

prediction of the lengths of the saturated gain zones of the lasing lines. 

The low pressure data at the xc for peak power is summarized in Table VI. 

Since the Run 34 flow rates gave the largest beam diameter, the unstable 

resonator experiments were performed for this flow rate. 

3.6.  TIME-DEPENDENT OSCILLATIONS IN AN UNSTABLE RESONATOR 

Since the MN0R03UR calculations  indicated that the occurrence of the 

time-dependent oscillations on lines whose saturated gain does not fill the 

unstable resonator is Fresnel number dependent, the experiments were performed 

for the flow conditions which gave the longest saturated gain regions.  These 

occurred for the low SF^ and low H2 flow rates of Run 34 with the flow control 

valve wide open, which gave a laser cavity pressure of 5.3 torr.  Since the 

resonator used in the experiments was a 50% geometric outcoupled, symmetric, 

confocal unstable resonator, the effective size of the concave mirror was 

twice the size of the hole in the scraper mirror.  Since the Fresnel number of 

the resonator is determined by the size of the concave mirror, the Fresnel 

number of the resonator was varied by designing the scraper mirror so that the 

I 
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Figure  7.     Comparison of  experimental and predicted  laser performance 
versus pressure  for  the Helios CL II  laser when Brewster 
windows  are  used with  the  56%  reflective outcoupler.     EMMBW 
denotes  external  mirror mounts with  two  Brewster windows  data; 
the  effective  cavity  reflectivity was   39%. 
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Table VI 

Comparison of the Blaze II and MN0R03 results with the data for the Helios 
CL II laser with a stable resonator with external mirror mounts and A cm 
CaF Brewster windows which result in a 39% effective reflectivity. 

RUN NO. 32 33 3A 35 36 37 

SF6 
1.36 1.01 0.67 1.36 1.01 0.67 

Ay , gm/sec 0.0375 0.0375 0.0375 0.05A5 0.05A5 0.05A 

P, Torr 
% SF. Dissoc. 

6.75 
3.3 

6.0 
4.0 

5.Au 
4.0 

7.20 
3.3 

6.A8 
4.0 

5.83 
4.0 

Initial T, °K 500 A50 A50 500 A50 4 50 

H? mixing length, cm 3.0 3.5 A.O 3.0 3.5 4.0 

PT, watts 

Data 
Blaze II 
MN0R03 

A3.7 
A8.5 

37.5 
A5.5 
A5.9 

28.2 
31.5 
31.6 

A6.2 
52.6 

A0.2 
A9.2 
A9.3 

29.6 
33.3 
33.6 

P /P 
10' T 
Data 
Blaze II 
MN0R03 

0.A81 
0.50A 

0.512 
0.A93 
0. 50A 

0.A68 
0.A85 
0. A9A 

0.A93 
0.501 

0.511 
0.A92 
0.501 

0.472 
0.A86 
0.493 

Beam Dia., mm 
Data 
Blaze II 
MN0R03 

A.90 
5.30 

5.00 
5.60 
5. 50 

5.10 
5.70 
5.90 

A. 60 
A.10 

A. 50 
A. 30 
A. 80 

4.50 
4.30 
A.70 

I. 
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slit width could be varied from 0 to 1 cm.  Because the resonator was 

symmetric, the distance between the optical axis and the H2 injectors was 

equal to the slit width.  The layout of the unstable resonator is shown in 

Fig. 8. 

The measurements were made using a room temperature InAs detector.  The 

output beam was chopped with a mechanical chopper.  The entire beam was 

allowed to impinge on the detector to measure the oscillations of the total 

power.  To measure the oscillations on individual lines, the output beam was 

first passed through a constant efficiency spectrometer, which allowed the 

output of one line at a time to impinge on the detector.  To obtain the period 

of the oscillations, the output of the detector was displayed on a 500 MHz 

oscilloscope.  To determine the frequency spread of the oscillations, the 

signal was also displayed on a spectrum analyzer.  Since the 500 MHz scope 

only displayed the A.C. part of the signal, to obtain the amplitude 

modulation, the signal was displayed on a 100 MHz scope. 

Since the complete analysis of the data will be given in Ref. 15, only a 

summary of the results are presented.  The data for the total power for the 

low SF^ and H2 flow rates are shown as a function of Fresnel number in Table 

VII.  The line denoted MN0R03UR is the result of a calculation using the 

7 1 S coupled rotational nonequilibrium-wave optics model of our laser >  .  This 

calculation was performed before the experiments to determine whether the 

oscillations should occur when the optical axis is 5 mm downstream of the H2 

injectors.  All of the calculations indicated that the period should be 40 ns 

independent of the Fresnel number '  .  From Table VII, it is seen that in 

addition to the expected 40 ns oscillation, there was a 7 ns oscillation 

superimposed on top of it.  Since the mirror spacing of the resonator was 1 

meter and the round trip transit time is 6.67 ns, the 7 ns oscillation 

:.-r- 
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RUN 34  SYMMETRIC CONFOCAL UNSTABLE RESONATOR 

SCRAPER MIRROR N 
SLIT, MM 

1.0 0.357 

2.0 1.428 

3.0 3.214 

4.0 5.714 

5.0 8.929 

MN0R03UR 

6.0 12.857 

p 
CAV 

TORR 

PT 
WATTS 

OSC AMPLITUDE 
PERIOD 

ns 
MODULATION 

%PT 

5.31 5.25 7 

5.30 5.15 7 

5.29 4.10 40/7 3.0 

5.31 1.90 40/7 22.0 

5.34 0.70 40/7 25.0 

40 50.0 

5.31 0.13 40 50.0 

Table VII.  Frequency and amplitude of the time-dependent oscillation of 
total power as a function of Fresnel number for the flow rates 
of Run 34 at 5.3 torr.  The line labeled MN0R03UR is the result 
of a calculation which was performed before the measurements 
were made to determine if the time-dependent oscillations 
should occur when the optical axis is 5 mm downstream of the 
H„ injectors. 

mm 
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probably corresponds to a mode beating.  Table Vll shows that the time- 

dependent oscillations on lines whose saturated gain does not fill the 

resonator do not occur for Fresnel numbers below 1.5 and that their amplitudes 

increase as the fraction of the resonator filled by the oscillating lines 

decreases.  Fig. 9 shows the total power 100 MHz oscilloscope traces for the 4 

mm and 2 mm slit widths.  Comparison of these traces clearly shows the 

difference in the traces when the time-dependent oscillations occur. 

Table VIII gives the data for individual lines for the 3 mm and 4 nan slit 

widths.  It should be noted that there is a strong cascade coupling between 

the oscillating 1+0 and 2+1 lines, that is, if ?2^b^   oscillates, then P±(7) 

also oscillates.  From a comparison of the 3 and 4 mm slit cases, it is 

generally seen that as the fraction of the resonator filled by a line 

decreases, the amplitude of its oscillation increases.  Fig. 10 shows typical 

oscilloscope traces for an oscillating line. 

To provide a qualitative comparison, the theoretical calculations for the 

5 mm slit case are shown with the 4 mm slit data.  The 5 mm slit calculation 

is qualitative because the losses introduced by the Brewster windows were not 

included.  In the future, a calculation which includes the effect of the 

Brewster windows will be performed for the 4 mm slit case.  It is seen that 

there is qualitative agreement between the calculation and the data.  The 

difference in lasing lines between the calculations and the data is due to the 

omission of the losses introduced by the Brewster windows in the calculation. 

To verify experimentally that oscillations on lines whose saturated gain 

does not fill the unstable resonator do not occur for Fresnel numbers less 

than 1.5, the x„ of the optical axis was varied from 2 mm to 4 mm for the 

scraper mirror slit width of 2 mm (Fresnel number of 1.428).  No 40 ns 

oscillations were observed for any optical axis location.  The 7 ns 
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'/::*)•' 4 «a SLIT WIDTH;   ALL LAS I MS LINES 
'^   OSCILLATING WITH 40 nt PERIOD 

• • •/: 

V 

ä *. • 
t > -.• *... 

b)  2mm SLIT WIDTH; NO LINES OSCILLATING 
WITH 40 ns PERIOD; SOME L'lNES EXHIBITED 

7 ns OSCILLATION 

TOTAL POWER TRACES        - •* 

Figure 9.  Typical total power oscilloscope traces for Run 34 flow rates .it 5.3 ton 
showing the difference between the oscilloscope traces el an oscillating 
and a nonoscillating case. For both traces, the scales are JO mV/dlv 
vertically and 0.2 ms/dlv horizontally. 
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t) 100 ma «oope trace;   b) 500 MHZ tcope trace; 
.  0.1 «e/div io ru/dlv 

c) spectra« analyzer trace; center is 20 MHZ, 
4MHZ/dlv 

• mm allt width; line P2(7) 

Figure 10. Typical oscilloscope traces of the time-dependent oscillation on a 
whose saturated gain does not fill the unstable resonator.  This da 
for the P~(7) line for a scraper mirror slit width of 4 mm for the 
34 flow  " rates at 5.3 torr.  The beam was chopped with a nech-»nic 
chopper. The 7 ns oscillation superimposed on the 40 ns oscillation 
is clearly evident in b. 
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oscillation was observed on some lines. 

From the comparison of the calculation with the data, it is seen that the 

predicted variations of the time-dependent oscillations on lines whose 

saturated gain does not fill the resonator with Fresnel number and with 

fraction of the resonator filled by the oscillating line are in agreement with 

the data.  It remains to change the geometric outcoupling of the resonator to 

l ? 
see if the frequency of the oscillation will change as predicted » . 

It should be noted that the time-dependent oscillations on lines whose 

saturated gain does not fill the resonator have also been observed using a 

scraper mirror with a rectangular hole in it  .  In this case, the resonator 

acts as a three dimensional resonator rather than as a strip resonator as is 

the case when the split scraper mirror is used.  Thus, the time-dependent 

oscillations occur in both two and three dimensional confocal unstable 

resonators. 

By varying the optical axis location of the unstable resonator and noting 

when various lines begin to exhibit the time-dependent oscillations, it may be 

possible by comparison with the MNÜR03UR gain profiles to determine the extent 

of the saturated gain zones in the unstable resonator.  If this procedure 

would work, the occurrence of the time-dependent oscillations could be 

developed Into a diagnostic technique for measuring the extent of the 

saturated gain zones of the lasing lines in the unstable resonator.  Such a 

capability would represent a significant increase in the level of diagnostic 

detail obtainable from a chemical laser and would greatly increase confidence 

in design calculations. 

3.7  EFFECT OF NEW He INJECTORS ON LASER PERFORMANCE 

Dr. Jeffers of Helios provided us with a new design for the He injectors 

for our laser.  As the SF^, F, and O2 leave the discharge tubes, the He is 

4 

t 
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Injected from a concentric sonic slit at the exit of the discharge tubes. 

Thus, with the new injectors, the He does not pass through the arc.  The 

results for various He, O2, SF^ and H£ flow rates (pressures) are given in 

Table IX.  The most striking results are that for the low SF^ flow rate, the 

performance increased from 26.5 watts to 36 watts for the same He and O2 flow 

rates and to 40 watts when the He flow rate was doubled.  For the middle SF^ 

flow rate, the power only increased by 3 watts to 41.5 watts.  As the SF^ flow 

rate was increased to the high value (45 psi of SF^), there was no increase in 

power.  Thus, with the new He injectors, the maximum power obtained previously 

at the high SF^ flow rate was obtained with the low SF^ flow rate.  Further, 

it was found that when the SF^ flow rate was reduced by a factor of 1.76 (from 

15 to 2 psig), the power only decreased 25% from 40 to 30 watts.  Based on our 

2 
estimates of percent SF^ dissociation as a function of SF^ flow rate , laser 

performance (P-,/m ) increased from 1266 to 2001.  Thus, by injecting the He 

downstream of the arc discharge, it appears that much more efficient use is 

made of the SF^. 

There are several possible mechanisms that could be responsible for the 

increased performance.  First, since the He is no longer going through the 

arc, it is not absorbing any of the discharge energy which would make more of 

the discharge energy available to dissociate the SF^.  Second, since the He is 

no longer heated by the arc, the cold He may be lowering the temperature of 

the flow at the H2 injectors sufficiently to significantly reduce the 

deactivation rates of the excited HF, thereby increasing the laser's 

performance.  Third, since the He is injected concentric with the flow exiting 

the discharge tubes, the cold He may be acting as an insulation layer which 

inhibits F atom wall recombination and thus more of the F atoms generated in 

the arc are available for reaction with the H2.  Probably all three of these 
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CONSOLE SUPPLY 
PRESSURE, psig 

He   02   SF6 

15   10   15 

H2 

20 

Power (STANDARD 
He INJECTORS) 

watts 
26.5 

T F 

1266 

Power (NEW He 
INJECTORS) 
watts 
36.0 

35 10 15 20 40.5 

30 10 15 20 40.0 

30 20 15 20 39.5 

30 3 15 20 39.5 

30 10 8 20 35.5 

30 10 2 20 30.0 

30 10 8 13 33.5 

30 10 8 15 34.5 

30 10 8 20 35.5 

30 10 8 30 37.5 

30 10 8 23 37.0 

30 10 15 35 42.5 

30 10 30 35 41.5 

30 8 30 35 41.5 

15 10 30 35 37.5 

1720 

2001 

15 10 30 35 38.0 

I 
I 

Table IX.  Helios CL II laser performance with the new He 
injectors. 

- 



effects are occurring.  With the data base which has been developed for the 

Laser and the confidence which this has provided in the computer model, it 

should be possible with a carefully designed set of experiments and modeling 

calculations to determine the relative contributions of the above mechanisms 

to the increase in laser performance. The identification of the mechanisms 

responsible for the improved performance may suggest design changes which 

would enhance the performance of large scale HF lasers which are of interest 

to the Air Force. 

3.8  CONSTANT EFFICIENCY SPECTROMETER 

To obtain the fast response (~ 2ns) from the InAs room temperature 

detector, it was necessary to hit it with enough power.  Since the power which 

can be allowed to impinge on the grating in the monochromator without causing 

damage is quite low, a constant efficiency spectrometer based on an idea by 

Maystre and Petit  was designed and tested  . This device is based on the 

constructive-destructive interference which results when a multi-wavelength 

beam of radiation impinges on a grating oriented so that one surface forming 

the grooves is parallel to the incident radiation while the other surface, 

which is perpendicular to the first, acts as a specularly reflecting mirror 

for the incident radiation, Fig. 11.  The mirror and blazed grating are 

located on radials of a rotating table. The mirror is mounted vertical with 

the grating tilted back from the vertical at the grating blaze angle a.  In 

this orientation, the large facets of the grating are vertical and the small 

facets are horizontal. Radiation enters from a fixed point parallel to the 

rotating table. The input beam strikes the grating first and the wavelength 

that satisfies the relation 

X/d - 2 sina cos«» (3.8-1) 

for the incident angle <(> has its -1 order diffraction wave behave as though it 

— 
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Constont Efficiency  Spectrometer 

Pivot 

Blozed Grating 

Output 

Mirror 

Figure 11.  Geometry of the grating and mirror in the constant 
efficiency spectrometer. 
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was reflected specularly from the large facets of the grating.  For two 

mirrors separated by a fixed angle u with the radiation striking each in turn, 

the net reflected angle A is A = TT - 2w independent of the incident angle $. 

Thus as the table is rotated, each wavelength in turn satisfies (3.8-1) and is 

reflected out the same exit point. 

The grating selected for the spectrometer is a copper original with a 

gold coating of 98% reflectivity with 300 lines per mm blazed at 27° 45', 

which corresponds to a reference wavelength of 3.10u.  The mirror is a front 

surfaced gold mirror of 98% reflectivity.  By running the 4F laser in the 

single line mode, the efficiency of the device was measured experimentally as 

62.5% independent of wavelength. The wavelength discrimination was measured 

to be greater than 99% for all wavelengths except the pairs P2(7), P^(1U) ;ind 

P2(b), Pj(9), which are quite close.  For the beam diameters used (~ 1mm), 84% 

to 86% discrimination was obtained for P2(6), P^) and 32% to 72% 

discrimination for P2(7), Pj,(10).  To achieve discrimination better than 98/. 

for these line pairs would require a beam diameter of 3 mrc.  While a 3 mm 

diameter can be approached with the Helios CL II laser for Pj(9) and Pi(lO), 

the stable resonator calculations  show that the P2(6) and P2(7) lines are 

significantly less than 3 mm in diameter for the high pressure (10-12 torr) 

cases. 

The constant efficiency spectrometer has been constructed and shown to 

provide good wavelength discrimination and constant efficiency independent of 

wavelength.  As far as we know, this is the first time such a device has been 

tested.  With the original grating, this device has the advantage of being 

able to pass large powers and hence can be employed in situations which would 

damage the usual monochromator. 
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IV.  CONCLUDING REMARKS 

The amplitude, frequency and Fresnel number dependence of the time- 

dependent oscillations which occur on lines whose saturated gain does not fill 

the unstable resonator have been measured.  The good agreement with the data 

of the a priori prediction of these characteristics of the time-dependent 

oscillations by the MN0R03UR computer model provides confidence in the model's 

validity.  Based on these results, the rotational nonequilibrium cw HF 

chemical laser models can be used with confidence in designing these devices. 

Besides accomplishing the major objective of the research, several other 

new results were obtained.  The first data from a cw laser for a near resonant 

energy transfer from a high v, low J to a low v, high J state were obtained. 

In addition, the stable resonator data indicated that the polarization 

introduced by the Brewster windows affects the power spectral distribution. 

The comparisons between the model calculations and   the data  showed that 

rotational nonequilibrium effects, in particular the power spectral 

distribution, are affected by the fluid dynamic mixing.  Finally, preliminary 

data with a new He injector indicated that under certain conditions, it was 

possible to obtain a 60% increase in laser performance. 

The preceding results suggest several additional studies which should be 

undertaken.  The geometric outcoupling of the unstable resonator should be 

varied to determine if the frequency of the time-dependent oscillations 

1 2 changes as predicted by the calculations ' .  Additional data should be 

acquired and modeling calculations should be performed to determine if the 

occurrence of these time-dependent oscillations can be used as a diagnostic to 

measure the length of the saturated gain zones in an unstable resonator.  An 

experiment to verify the hypothesized near resonant energy transfer from v"3, 

J"4 to v»2, J»14 with a subsequent rotational cascade to  v»2, J-ll should be 

---. 
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performed. A series of experiments should be performed to understand the 

effect polarization has on the power spectral distribution of the laser. A 

coordinated set of experiments and modeling calculations should be performed 

to determine the reasons for the increased laser performance produced by the 

new He injectors. 

i: 
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